hBN; magnetic tunnel junction; resonant tunneling; spin valve; tunneling magnetoresistance; van der Waals devices Hexagonal boron nitride (hBN) is a prototypical high-quality two-dimensional insulator and an ideal material to study tunneling phenomena, as it can be easily integrated in vertical van der Waals devices. For spintronic devices, its potential has been demonstrated both for efficient spin injection in lateral spin valves and as a barrier in magnetic tunnel junctions (MTJs). Here we reveal the effect of point defects inevitably present in mechanically exfoliated hBN on the tunnel 2 magnetoresistance of Co-hBN-NiFe MTJs. We observe a clear enhancement of both the conductance and magnetoresistance of the junction at well-defined bias voltages, indicating resonant tunneling through magnetic (spin-polarized) defect states. The spin polarization of the defect states is attributed to exchange coupling of a paramagnetic impurity in the few-atomiclayer thick hBN to the ferromagnetic electrodes. This is confirmed by excellent agreement with theoretical modelling. Our findings should be taken into account in analyzing tunneling processes in hBN-based magnetic devices. More generally, our study shows the potential of using atomically thin hBN barriers with defects to engineer the magnetoresistance of MTJs and to achieve spin filtering, opening the door towards exploiting the spin degree of freedom in current studies of point defects as quantum emitters.
magnetoresistance of Co-hBN-NiFe MTJs. We observe a clear enhancement of both the conductance and magnetoresistance of the junction at well-defined bias voltages, indicating resonant tunneling through magnetic (spin-polarized) defect states. The spin polarization of the defect states is attributed to exchange coupling of a paramagnetic impurity in the few-atomiclayer thick hBN to the ferromagnetic electrodes. This is confirmed by excellent agreement with theoretical modelling. Our findings should be taken into account in analyzing tunneling processes in hBN-based magnetic devices. More generally, our study shows the potential of using atomically thin hBN barriers with defects to engineer the magnetoresistance of MTJs and to achieve spin filtering, opening the door towards exploiting the spin degree of freedom in current studies of point defects as quantum emitters.
Utilizing two-dimensional (2D) materials to create functional devices offers many exciting opportunities for electronics [1] . The assembly process of these tailored van-der-Waals heterostructures is relatively easy and does not involve standard problems of thin film deposition, such as island growth and low crystallinity. Instead, individual atomically thin layers of high crystalline quality can be integrated into a device by a simple transfer process, allowing the physical properties of the device to be accurately designed [1, 2, 3, 4] . In the last decade 2D materials have also had a significant impact on spintronics, a subfield of electronics where the spin degree of freedom is exploited, including demonstrations of new functionalities in magnetic tunnel junctions (MTJs) [2, 3, 5, 6, 7, 8, 9, 10] . MTJs, widely used as sensors, are ferromagnet/insulator/ferromagnet (FM/I/FM) heterostructures where the nature of FM electrode/barrier interfaces is known to critically affect the central metric of device performance, its magnetoresistance (MR), in myriad ways [11] . For instance, if the barrier is crystalline and lattice-matched with the ferromagnets, spin filtering may occur (i.e., electrons with a particular spin state are transported preferentially) [2, 11, 12, 13] . Alternatively, bonding or hybridization of the atomic orbitals at the FM/barrier interfaces can be the dominant factor that determines spindependent tunneling [2, 11] while defects, impurities and pinholes in the barrier can open additional conduction channels, modifying the MR [14, 15, 16, 17, 18, 19, 20, 21, 22] . Using 2D materials as an insulating barrier between the FM electrodes is of particular interest, with atomically thin hexagonal boron nitride (hBN) currently being the material of choice: mono-or bilayer hBN has been shown to provide efficient spin-injection in graphene-based lateral spinvalves [3, 23] and a few percent MR has been observed in MTJs with atomically thin hBN barriers [2, 5, 6] .
In this report we focus on the role and potential exploitation in MTJs of point defects that are inevitably present in atomically thin hBN. The presence of such defects in the best-quality, mechanically exfoliated hBN has been demonstrated in several recent studies, e.g. nitrogen and boron vacancies [24, 25] and carbon and oxygen impurities [26, 27] , some of which are believed to be paramagnetic [26, 24] . Spatially separated and oppositely charged single-site defects have been imaged by scanning tunneling microscopy [26] . In another report [28] , energy-resolved spectroscopic features of defect-mediated tunneling were seen in transport measurements on non-magnetic Cr/Au-hBN-Cr/Au tunnel junctions with a ~6-layer-hBN barrier. In the case of MTJs, point defects in hBN, especially if they are magnetic (spin-polarized), can be expected to assist or otherwise affect spin-dependent tunneling and, therefore, the MR of the device. In particular, theory predicts that resonant tunneling through magnetic impurities should lead to a notable increase in MR [14, 29, 30] , whereas non-magnetic impurities can be expected to reduce it [14, 15, 31] . This has been a topic of high interest in the literature, but so far mostly limited to theoretical studies with scarce direct experimental evidence. While there has been significant experimental effort to understand the effect of defect-mediated transport in conventional MTJs (e.g., due to Si, Ni [16] , Fe [17] , Gd or Dy [18] dopants introduced into the AlO x barrier), the results regarding their impact on the MR remained largely inconclusive, due to averaging over large numbers of defects. In contrast, atomically thin hBN creates unrivalled opportunities for the experimental study of the effect of well-separated -both spatially and in terms of energypoint defects on spin-polarized transport. Conversely, as point defects in hBN have been shown to act as quantum emitters of single photons [32] , controlling their spin degree of freedom opens a pathway for quantum spintronics [33, 34] .
A schematic view of the MTJs used in our study is shown in Fig. 1a : the device consists of two FM electrodes (Co and Ni 0.8 Fe 0.2 ) separated by 2-4 atomic layer-thick hBN mechanically exfoliated from bulk hBN crystals. We used hBN from the same supplier as in refs. [26, 28] and therefore can expect to see a finite density of isolated point defects. To ensure clean interfaces between the FM electrodes and hBN crystals, we used a fabrication technique developed in our previous study [2] where the ferromagnetic metals were deposited on the two sides of a suspended hBN membrane, thereby preventing oxidation of the ferromagnets, minimizing the number of fabrication steps and limiting the exposure of the interfaces to solvents during preparation. We note that oxidation and degradation of the interfaces is a fundamental problem if a conventional bottom-up MTJ fabrication approach is used, which involves transfer of the 2D material onto a ferromagnetic film [6] . Details of our fabrication procedure can be found in ref. [2] . Briefly, an exfoliated few-layer hBN flake was transferred onto a 3-4 µm diameter circular aperture in a 100 nm-thick SiN x membrane using a dry transfer method [35] . The number of layers was estimated from optical contrast, using differential interference contrast microscopy.
After that, 20 nm-thick Co and Ni 0.8 Fe 0.2 films were evaporated in vacuum (10 -6 mbar base pressure) onto the suspended flake from the top and bottom side, respectively. While the sample was briefly exposed to air between the two steps of metal deposition on the top and bottom of the hBN, oxidation of the ferromagnets was avoided as they were protected by hBN on one side and a Ti/Au capping on the other. To ensure good contact between the hBN spacer and ferromagnetic electrodes, the devices were annealed for several hours at 300°C in Ar/H 2 atmosphere, a standard procedure known to eliminate residual contamination and result in clean, uniform interfaces between the 2D crystal and the FM films [2] .
To reveal the contribution of the defects in hBN to the spin-dependent transport, we used bias spectroscopy, i.e., studied magnetic-field dependent vertical transport either under a pure dc bias, 2a also shows corresponding data for the device with a 4-layer hBN barrier. The maximum MR is +3.6 % and +2.2 % for the 3-layer and 4-layer hBN device, respectively. This compares favorably to previously reported MR ~ 0.4% [6] and ~6% [5] , where CVD-grown monolayer hBN was used and, as noted by the authors, the fabrication process involved exposure of the FM layers to air, likely resulting in FM oxidation and effectively adding an extra insulating layer.
The monotonic decrease of MR for both devices in Fig. 2a with increasing V b is a standard behavior observed in MTJs due to spin-flip scattering [11, 36] , whereas the asymmetry in the bias dependence can be expected for dissimilar electrode materials, as in our case [6, 37] .
To further elucidate the behavior of our MTJs, we measured the temperature dependence of the junction resistance, R(T), which was not reported for tunnel junctions with an hBN barrier in earlier studies. Surprisingly, this showed that R(T) is metallic-like, decreasing by ~20% from room temperature to ~50 K and becoming almost temperature independent between 50 and 10 K -see Fig. 1b . This is in contrast to expectations for thermally assisted transport through an insulating barrier but is similar to R(T) behavior observed previously for AlO x and MgO-based MTJs, where it was attributed to defect-mediated conduction through the barrier [19, 20] . This
R(T) behavior is presently observed for all hBN-based devices (see Supplementary Information
Section 2).
To obtain additional information about possible conduction through defect channels, we measured the differential resistance dV/dI shown in the lower panel of Fig. 1c , and calculated the corresponding differential MR (dMR) defined as dMR = (dV/dI AP -dV/dI P )/ dV/dI P -see Fig. 2b .
While the R(V b ) curve (top panel of Fig. 1c ) reflects the total current through the junction, dV/dI(V b ) and dMR are sensitive to the local electronic configuration at the Fermi level, E F , and to spin-dependent changes in a narrow energy range around E F , respectively [38] . Therefore, any .12 V, which consists of both peaks and valleys. Such behavior is characteristic of elastic trap-assisted tunneling via defects [28] and is in contrast to inelastic tunneling processes that appear only as peaks [41] . The magnetic-field dependence of this feature is fully consistent with our observation that enhancement of the magnetoresistance only occurs at V b +0.12 V. Most importantly, all fitted peaks are located within ~10 mV of the bias values reported in ref.
[39], with an excellent agreement within ~3 mV for the four main peaks labelled (v) to (viii) and located at V b < 0.10 V (see Supplementary Information Section 3). We note that peak (viii) at ~15 mV corresponds to low-energy phonons close to the Γ point of hBN and has been the object of studies by inelastic x-ray spectroscopy [40] , whereas peak (vii) at ~37 mV is associated with the lowest-energy acoustic mode in the vicinity of the M and K points [39] . The rest of the peaks are all related to prominent features in the phonon density of states, with the high-bias peaks (i) and (ii) located at V b > 0.15 V associated with high-energy optical phonons of hBN [40] . A similar IETS was obtained for the reference 4-layer device (see Supplementary Information Section 3). The above analysis allows us to conclude that, except for the magnetizationdependent feature at +0.12 V, all prominent low-energy peaks are associated with phononassisted tunneling that do not enhance the MR. This also provides further evidence that our fabrication process ensured high-quality FM/hBN interfaces and that transport is dominated by tunneling through hBN rather than, e.g., a contamination layer.
To address the observed enhancement of both the conductance (Fig. 1c) and MR ( Fig. 2) around +0.12 V, we recall that sharp features in conductance characteristics (I-V, dI/dV and Fig. 3b ), closely match those reported for defect-assisted tunneling in refs. [21, 41] . The fact that the dip in dV/dI and the corresponding increase in the MR of our device are observed in the narrow range of V b and only at low T is also consistent with defect-assisted tunneling, as the latter requires alignment of the Fermi energy with the energy of the localized defect state. Indeed, the sharp oscillation in the differential MR at 10 K is strongly suppressed at 50 K (top panel of Fig. 4a and inset), as expected for defect-mediated transport [29] .
Regarding the origin of these localized defect states, we can exclude degradation of the junction or formation of pinholes due to dielectric breakdown, as V b was kept well below the known maximum limit ~ 0.7 V/nm for hBN [42] . Furthermore, as the fabrication procedure involved only solvent-free, non-degrading processes, we attribute these localized states to preexisting barrier properties, not affected by the fabrication process. It is therefore natural to attribute the conductance and MR features to the defects/impurities always present in hBN, as discussed above and in refs. [26, 28] .
Having established that the feature at +0.12 V must be related to defect-mediated tunneling, the increased MR suggests that the defect state in the barrier is magnetic (spin-polarized) [14, 29] .
An intuitive picture of the underlying physical process, depicted in Fig 4b, has been described in ref.
[30]: The increased MR can be understood by decomposing transport through a defectcontaining MTJ into two processes, firstly from the first FM electrode into the magnetic defect, and secondly from the defect into the second electrode, effectively acting as two MTJs in series and enhancing the MR. The small thickness of the hBN barrier (3 atomic layers) is likely to play a crucial role in observing the increased MR in our MTJ, as an enhanced magnetic coupling between the defect and each of the ferromagnetic electrodes will result in spin-split defect states, even if the impurity is a priori non-magnetic (e.g., paramagnetic oxygen atom or a boron monovacancy [25] ). Such magnetic coupling between a paramagnetic impurity and the neighboring FM electrode was analyzed theoretically in ref. [29] , predicting spin polarization of the tunneling electrons at resonance with the impurity state and an enhanced MR.
To further understand the nature of the transport process in our MTJ through the defect appearing at V b +0.12 V, we compare our data with the known theoretical model where the contribution of resonant tunneling through a defect to the total conductance across the barrier is given by [14, 43] 
Here is the energy of the tunneling electron, , the energy of the quasi-bound state of the electron near the defect, and Γ / are partial widths of the resonance corresponding to electron tunneling between the defect and the left/right FM electrode. The model assumes that the energy levels at the defect are spin-split -see Supporting Information for a detailed description. We find an excellent agreement between the calculated dI/dV and the experimental data, as shown by the fit in the bottom panel of Fig. 4a . The splitting of the defect levels is larger for parallel magnetization of electrodes, when the coupling to spin polarization of both electrodes adds up, increasing the separation between the corresponding spectroscopic peaks. This clearly indicates that the defect is magnetic. As suggested in ref. [29] , the splitting of the defect energy levels may be caused by exchange or super-exchange interaction of the paramagnetic impurity with spin-polarized electrons in the FM electrodes, becoming significant for defect levels in narrow insulating barriers, as in our case. A similar scenario has been reported in ref. [44] where tunneling spectroscopy experiments suggested that spin-split impurity states in a 2.5 nm MgO barrier were exchange coupled to the FM electrodes. In our case with an ultrathin 3-layer hBN barrier (thickness 1 nm), the atomic thickness facilitates exchange coupling of a single defect to both electrodes, and therefore the energy of the defect state can be tuned by the relative magnetic alignment of the electrodes, in contrast to thicker barriers -see Supporting Information for a detailed discussion.
The different spin splitting and bias dependences for parallel and antiparallel magnetization, as
shown in the bottom inset of Fig. 4a , should lead to a sharp peak in MR at +0.12 V followed by a dip at higher V b (where the conductance peak for the anti-parallel magnetization is located), as indeed observed. At elevated temperatures the inelastic processes and thermal broadening start to dominate, which explains that the defect-mediated peak disappears in the experiment at 50 K.
Using the fitting parameters for the theory curves in Fig. 4a we were able to extract information about the location of the defect and the proximity-induced spin splitting, Δ P ≈ 9.8 meV , Δ AP ≈ 7.0 meV , in good agreement with theory [45] (the latter depends on the relative magnetization of the FMs, see Supporting Information). As the fit yielded  L ≪  R , the defect must be located asymmetrically, probably between two of the three hBN layers, rather than at the center of the barrier. This explains the observed asymmetry in the MR response for positive and negative V b . Furthermore, comparing the contributions to spin splitting from the two FM electrodes showed that it must decay with distance at a slower rate (~ 1/5 per hBN layer) compared to the tunneling conductance (~ 1/50 per hBN layer, see Supporting Information).
Such a slow decay of proximity-induced spin splitting at hBN/(Co,Ni) interfaces (~ 1/10 per hBN layer) has been predicted theoretically in a recent work [45] and, to the best of our knowledge, our observations are the first experimental evidence of this effect.
We emphasize that the discussed conductance/MR feature at V b +0.12 V is well separated from inelastic phonon-assisted peaks (see above) and most likely corresponds to tunneling through a single defect. [28] . Furthermore, the observed MR enhancement by 3% seems modest but compares very favorably with the maximum enhancement predicted by theory [14] . In the latter case, the maximum difference between direct tunneling and resonant tunneling was shown to depend on the position of the defect inside the barrier, and for the simplest case with a defect located in the center of the barrier was found to be 13% for relatively thick, > 2 nm, barriers, where direct tunneling is significantly suppressed and conductance is dominated by resonant tunneling. In our ~1 nm thick MTJ direct tunneling remains a major contribution, which explains the relatively modest enhancement of both the junction conductance and the MR. We note that it is not surprising that we observe only one resonant feature, even though one can expect a number of defects to be present in the hBN barrier. This is because a significant contribution of impurityassisted resonant tunneling can only be expected for optimum conditions: defects close to the center of the barrier and to the Fermi level [46] . Another promising route to amplify the relative contribution of the defects is by employing nanojunctions with a very small area: Here the effect on the MR is expected to be much larger and a single impurity may lead to the MR sign inversion [22, 47] , as was seen experimentally in Ni/NiO/Co junctions with < 0.01 µm 2 area [36] .
In summary, we report experimental observations of enhanced conductance and magnetoresistance in a high-quality, crystalline hBN barrier in Co-hBN-NiFe MTJs, at welldefined bias voltages. As demonstrated by comparison with theory, our results correspond to resonant tunneling through a magnetic (i.e., spin-polarized) defect. Our findings demonstrate the potential of using few-layer hBN crystals as an outstanding platform for control of the tunnel magnetoresistance through introduction or isolation of single defects. For example, it should be possible to enhance the MR increase using thicker hBN crystals where direct tunneling is strongly suppressed but the defect state(s) remain magnetically aligned with the FM electrodes.
Furthermore, as suggested in ref. [14] , hBN-based MTJs may enable the observation of MR with only one magnetic electrode, as the magnetic defects in the barrier will act as spin filters. Control of spin transport via individual defect states would enable a 2D-based platform for circularlypolarized single-photon emitters [32, 33] for quantum spintronics [34] . The resulting contribution of one defect to the current is
Differentiating w.r.t. V and assuming that the resonance is located near the upper limit of integration leads to
where lies near , , defined as , = + , +
. We note that, as illustrated in Fig. S1 , a defect contributes to the conductance only if its energy lies within the interval corresponding to the limits of integration in (2), i.e. its contribution is bias-dependent and, unless its energy is close to , requires a sufficiently large bias to have an effect on conductance.
Having defined the defect's contribution in this way, we can fit the data for differential conductance in Fig. 4a with a combination of a smooth curve (corresponding to direct tunneling/less-dominant phonon-assisted tunneling, as discussed in the main text) and Lorentzian peaks (defect-assisted resonant tunneling): Within this tunneling model, the location of the defect is related to the asymmetry between Γ and Γ as
if we assume that the two ferromagnetic electrodes are identical. Solving Eqs. 
This supports our assumption Γ ≪ Γ and shows that the defect is not located at the center of the barrier but is probably located between two of the three hBN layers (dissimilar FM electrodes can also contribute to the asymmetry between Γ i R and Γ i L but to a lesser degree). One candidate for such an interlayer defect is a boron monovacancy, which are known to be often present in hBN and form stable configurations via either one or two interlayer covalent bonds [S6] .
As seen in Fig. 4a (main text), the splitting of defect levels is larger for parallel magnetization of the electrodes, as the spin-related effects of both electrodes add up. This clearly indicates that the defect is magnetic. As suggested in ref. [S2] , the splitting of defect energy levels may be caused by exchange or super-exchange interaction of a quasi-bound defect state with electrons in the metallic electrodes, becoming significant for defect levels in narrow insulator junctions. The above estimate for the location of the defect allows us to quantify the magnitude of exchange splitting induced by the ferromagnetic electrodes in our devices. Using the fitted bias voltage corresponding to the peaks, , , we find the induced spin splitting at the defect location, Δ = ,↓ − ,↑ , for the parallel and anti-parallel configurations to be, . We note that such a slow decay of proximity-induced spin splitting by hBN/(Co,Ni) interfaces has been predicted theoretically both for the case of Dirac states in graphene/hBN stacks and for the conduction/valence bands of the hBN itself [S7] . In particular, for the case of proximity for individual hBN layers, a decay rate of ~ 1/10 per hBN layer and spin splitting in the second layer of 10-100 meV were predicted [S7] , with the lower limit in good agreement with up to 10 meV spin splitting found in this work.
The different spin splitting and bias dependences for parallel and antiparallel magnetization, as seen in the bottom inset of Fig. 4a , lead to a sharp peak in MR at 0.12 V followed by a dip at higher V, where the conductance peak for the antiparallel magnetization is located. In other words, the modulation of the MR occurs due to the difference in proximityinduced spin splitting, Δ P − Δ AP~3 meV. At elevated temperatures, T ≫ 10 K, inelastic processes and thermal broadening start to dominate and the MP peak disappears, as shown in the top panel inset of Fig. 4a .
Temperature dependence of hBN-based MTJs
To elucidate the behavior of our MTJs, we measured the temperature dependence of the junction resistance, which was not reported for tunnel junctions with an hBN barrier in earlier studies. As shown in Fig. 1b All our devices exhibit a similar behavior: an almost constant or even metallic-like temperature dependence of the junction resistance, as shown in Fig. S2 . This behavior, together with the observation of hBN phonon peaks by inelastic electron tunneling spectroscopy, evidence that transport in our devices is not dominated by polymer residues (which lead to insulating-like temperature dependence) but by tunneling via the hBN barrier.
Inelastic electron tunneling spectroscopy (IETS)
We analyzed the I-V characteristic in the full bias range by studying its second derivative, d 2 I/dV 2 , for our 3-layer hBN device. As shown in Fig. 3 in the main text, we extracted its antisymmetric response and performed a multi-peak Gaussian fit, which allows a quantitative comparison with hBN-based tunneling devices from literature. In Table S1 , we directly compare the positions of our fitted IETS peaks to those of a graphene-hBN-graphene heterostructure with dominant hBN features (Device 2 in ref. [S8] ). All fitted peaks are located within ~10 mV of the bias values reported in ref. [39] , with an excellent agreement within ~3 mV for the four main peaks labelled (v) to (viii) located at V b < 0.10 V.
These features are consistent with van Hove-like peaks in the single phonon density of states of hBN at energies between ~10 and 190 meV, as found both theoretically and experimentally [S8,S9] . The fact that the IETS spectrum is consistent with hBN phonon peaks is by itself a strong proof that transport in our junctions is not dominated by metallic pinholes nor by polymer residues, but by (phonon-assisted) tunneling via the hBN barrier. As mentioned in the main text, the IETS spectrum from the reference 4-layer hBN device yielded a similar result to that of the 3-layer device. To make a direct comparison between both results, we present in Fig. S3 both the dV/dI and d 
Tunneling spectroscopy and magnetoresistance data for two other devices
To ensure reproducibility of the data on different devices (in addition to those discussed in the main text), we have fabricated and studied two more devices: a 2-layer device, that showed relatively clean characteristics, similar to the 4-layer device presented in the main text; and another 3-layer device, showing bias-dependent features very similar to the 3-layer device in Figs. 1c and 2 . The data for the 2-layer hBN device is shown in Fig. S4 . It exhibits a differential resistance, dV/dI, with several smooth kinks, similar to the spectra for the devices discussed in the main text.
Importantly, there are no strong features either in dV/dI or in the differential magnetoresistance. This is similar to the 
